100 C for 10 min; strains that were resistant to these conditions were found to be nontoxigenic. These findings suggest that sporulating ability is closely linked to toxigenicity.
Clostridium perfringens has been isolated from various sources, such as soil and feces (McCoy and McClung, 1938; Smith, 1955) . While examining the toxigenicity of strains isolated from soil, we noticed that the higher the temperatures used in the isolation procedures, to kill nonsporeforming bacteria, the less toxigenic were the strains of C. perfringens that were isolated. Previous investigators have used various combinations of time and temperature to isolate C. perfringens, but none of them has mentioned any relationship between susceptibility to heat and toxigenicity. Our preliminary findings seemed important not only in the isolation of strains of this organism but also in indicating that physiological phenomena involved in sporulation might be associated either with the formation of toxin within the cells or with the release of toxin from the cells. In the present paper, we describe a study designed to elucidate the relation between toxigenicity and sporulation of C. perfringens. This study was carried out by examining 168 strains isolated by use of various heating condi- tions.
MATERIALS AND METHODS Soil specimens. Samples about the size of a pea were suspended in about 8 ml of sterilized saline and emulsified. Samples (1 ml) from each emulsion were placed in small tubes (12 by 105 mm), and each batch was heated in a bath at 60, 70, 80, or 90 C for 10 min, or at 100 C for 10, 30, or 60 min. Approximately 0.5 ml of each heated suspension was transferred into chopped-meat broth and incubated for 15 to 18 hr. One loopful of each culture was streaked on Zeissler's (1930) blood-agar, and colonies resembling C. perfringens were successively subcultured on the same medium to make certain of the purity. Doubtful colonies were sometimes exposed aerobically in an incubator to see whether they became tinted green or brown. Colonies of C. perfringens always exhibited one of these two colors under these conditions. Only one strain for investigation was isolated from each specimen of soil. Identification of strains of C. perfringens was carried out by use of the method of Willis and Hobbs (1958) . However, the strains were also examined for the biological characteristics mentioned by Sterne and van Heyningen (1958) and Smith (1955) .
Medium for production of a-and ,-toxins. Peptone (3%; Poli peptone, Daigo Co., Osaka, Japan) broth was adjusted to pH 8.5, and chopped meat particles were added to a concentration of 20% (v/v). After autoclaving, the pH of the medium was usually between 6.4 and 6.8. Test tubes (17 by 165 mm), usually containing 10 ml of the medium, were used. Fructose and inoculum (1% each) were added immediately after the medium had been heated at 100 C for 20 min and cooled. Cultures were harvested after 7 to 9 hr of incubation at 35 C (Nishida, Murakami, and Yamagishi, 1962) .
Medium for production of 0-toxin. Broth without meat particles with a pH value of 8.0 was found suitable for this experiment; the pres-ence of 0.25% fructose was found to be effective for higher yields.
Estimation of a-toxin. Estimation of a-toxin was carried out in accordance with Evans' (1945) method, which involves neutralization of the a-toxin by antitoxin, with egg-yolk solution as an indicator. The results are reported in the number of units of a-antitoxin required to neutralize the lecithinolytic activity of 1 ml of culture supernatant fluid.
Antitoxinwas kindly provided by Y. Nagai, Chiba Serum Institute, Chiba, Japan. This was found to contain about 300 provisional units per ml. However, the provisional unit proved to be lower in its ability to neutralize a-toxin than the unit of the standard antitoxin. Actually, one provisional unit neutralized only 57 LD5o for mice weighing 16 to 18 g. Egg-yolk solution. This solution was prepared by Van Heyningen's (1941) method.
Estimation of other toxins. Quantitative estimation of ,u-and 0-toxins was performed by the methods described in previous papers (Nishida et al., 1962 (Hoskins, 1934) .
The ratio of heat-resistant cells to total cells was defined as the sporulating potency of the strains tested. This definition will be presented in more detail in the following section.
RESULTS
Criteria for toxigenicity. Extremely small amounts of a-toxin can be measured by the lecithovitellin reaction. This reaction is so sharp that lecithinase can be detected far beyond the amount needed to demonstrate reactions in vivo. Preliminary experiments were carried out to determine the lecithinase units corresponding to one minimal lethal dose, or the critical boundary between lethality and nonlethality in vivo.
Eleven strains of C. perfringens were cultivated as described, and 0.1-ml portions of each culture supernatant fluid were injected intravenously into the tail veins of three mice. Eight culture supernatant fluids with lecithinase activity corresponding to 0.1 antitoxin units did not kill any of the mice. However, each of the three culture supernatant fluids with 0.2 a-antitoxin units killed all mice used, revealing that the critical dose corresponded to lecithinase activity of 0.2 a-antitoxin units. Considering that the toxin yield by each strain varied somewhat from one culture to another and was dependent upon the medium used, we adopted 0.4 a-antitoxin units as the critical boundary between "toxigenicity" and "nontoxigenicity." In this paper, therefore, strains producing 0.4 units or more of a-toxin are designated as toxigenic strains; those producing 0.1 units or less are designated as nontoxigenic strains. Strains producing 0.2 units per ml are not classified in either group. This assumption of a critical level was reinforced by the following experiments. Twenty strains of C. perfringens of differing toxigenicity were subcultured in chopped-meat broth containing 1% glucose. With strains having a toxigenicity of 0.2 units or more, toxin production was elevated as subcultures were repeated, whereas the strains with a toxigenicity of 0.1 or lower did not show any perceptible increase of toxin production during repeated subculture (Table 1) .
Isolation of toxigenic strains of C. perfringens. Strains of C. perfringens were isolated from soil specimens heated at 60 C for 10 min, 80 C for 15 min, and 100 C for 60 min, and from unheated specimens. As shown in Table 2 (experiment a), it was found that the higher the temperatures used, the less toxigenic were the strains isolated. This finding suggested that toxigenic strains may be more sensitive to higher temperatures and, consequently, were liable to be excluded when high temperatures were used in selection procedures.
The marked difference in a-toxigenicity between the group heated at 100 C for 60 min and the group heated at 80 C for 15 min was presumed to be due to the great difference in the method of heating applied. An experiment was undertaken, therefore, to investigate the intermediary conditions, such as 90 or 100 C for 10 min and 100 C for 30 min (experiment b). It was confirmed that strains isolated becanme less toxigenic as the duration and temperature of heating were increased. Toxin production in experiment b was a little higher than was anticipated from the results of experiment a. Assuming that this inconsistency was due to variations in the ability of different batches of chopped-meat broth to support a-toxin production, we determined toxin production using both batches of media and eight strains of C. perfringens. It was found that the toxic potency of culture fluid with the medium of experiment a was 1.7 times weaker than that obtained with the medium of experiment b. The rather high values in experiment b fell between those obtained with the culture isolated at 80 C for 15 min and that isolated after treatment at 100 C for 60 min, after they had been corrected with the factor 1.7.
Further experiments were undertaken to confirm these findings (Table 3) .
Heat resistance of isolated strains. The heat resistance of bacterial spores varies considerably, depending on the circumstances in which they were formed (Murrell, 1961) . Therefore, we investigated the heat resistance of various strains grown under identical conditions, after they had been grown in chopped-meat broth at 37 C for either 24 or 48 hr. In this experiment, the four groups of strains used were obtained under different conditions of heating, such as 90 C for 10 min, 100 C for 10 min, 100 C for 30 min, and 100 C for 60 min (Table 4) . Of the eight strains isolated from speci- Strains of the second group were isolated from specimens heated at 100 C for 10 min. The results of the heat-resistance tests were similar to those obtained with the first group. Of eight strains, six were not resistant to 80 C for 10 min. One strain could resist 100 C for 10 min, and this strain was found to be nontoxigenic. Another strain, which resisted 90 C for 10 min but not 100 C for 10 min, proved to be a weak toxin producer.
The strains of the third group were similar to those of the fourth group in heat resistance and in toxigenicity. Only two strains of the fourth group were examined, because it had been found in this laboratory that nearly all strains of this group were resistant to 100 C for 10 min, under the conditions used, and were nontoxigenic. Both of the strains tested in this experiment also proved to be heat-resistant and nontoxigenic. Of the strains mentioned above, 84 were arranged into four groups according to toxin production (Table 5 ) to determine any relationship between toxigenicity and heat resistance. These findings may be summarized as follows. (i) The more toxigenic the strains, the lower the heat resistance was. The highly toxigenic strains PB 6K and S 107 were particularly susceptible to heat. (ii) Of 50 toxigenic strains, 48 were found to have lost their ability to resist heating at 100 C for 10 min; the remaining two strains which resisted this temperature for this time were only slightly toxigenic. (iii) Of 27 nontoxigenic strains, 20 were heat-resistant under the conditions used, and all the heat-resistant strains were nontoxigenic.
Quantitative analysis of heat resistance. The classification "heat-resistant" seems to be somewhat ambiguous, for a strain can be defined as heat-resistant even when it contains only one heat-resistant cell in 10 cells. To analyze the heat resistance more accurately, the number of spores and the total number of cells in cultures of 12 strains were determined, and the ratio was desigl'OL. 88, 1964 YAMAGISHI, ISHIDA, AND NISHIDA nated as the sporulating potency. The difference in heat resistance between the strains of toxigenic and nontoxigenic groups were revealed to be only at the level of 100 to 102 heat-resistant cells per milliliter (Table 6 ).
This seemed almost negligible compared with the total number of cells. The significance, however, was soon established by the following experiments. A strain of C. perfringens, WS 1601, was plated on Zeissler's plate agar, and ten substrains were established from ten colonies that were picked. These substrains were tested by the quantitative heat-resistance test previously described (Table 7) . Regardless of the fact that the prototrophic strain of WS 1601 possessed only 7.0 X 102 heat-resistant cells in a total of approximately 107 cells, the substrains exhibited approximately the same results by the quantitative test. The same type of experiment was performed with the toxigenic strain WS 6106. Since the prototrophic strain did not contain resistant cells, none of the ten substrains displayed heat resistance.
These findings were also confirmed by the following experiment. Two strains each of toxigenic and nontoxigenic groups were plated on Zeissler's agar, and 50 substrains were established from (Table 8) . Toxigenic strains were found to give rise to heat-nonresistant substrains, whereas the nontoxigenic strains gave rise to heat-resistant substrains. In another experiment, six strains each of the toxigenic and nontoxigenic groups were plated, and ten substrains were established with each strain. Their heat resistance was determined, by use of temperatures of 80, 90, and 100 C for 10 min. None of the six toxigenic strains gave rise to resistant substrains able to resist 100 C for 10 min, whereas all of the nontoxigenic strains gave rise to resistant substrains, varying from 20 to 100% (Table 9 ). These findings indicate that the proportion of heat-resistant cells in a culture is a phenotypic expression of sporulating potency of a strain, and that differences in the phenotypic expression may be reliably determined when the proper conditions for cultivation are employed.
DISCUSSION
The heat-resistant nature of the bacterial spore has recently been shown to be associated with the calcium salt of dipicolinic acid accumulated in the spore (Church and Harvorson, 1959) . Yoneda and Kondo (1959) demonstrated that the spore coat of Bacillus cereus consists of an extremely acid-fast layer of polymerized fl-hydroxybutyric acid. There does not seem to be any obvious relationship between the genesis of toxin and the biosynthetic process of dipicolinic acid or polymerized fl-hydroxybutyric acid, for their chemical structures are entirely different from those of toxins. Hardwick and Foster (1952) and Foster and Perry (1954) postulated that the mechanism of sporulation consists of a depolymerization process of the bacterial body into rather small-sized protein molecules and their reorganization into the spore. This hypothesis suggests to the authors that an unbalanced metabolism of sporulation might yield toxic protein; however, the loss of heat resistance, particularly that associated with dipicolinic acid, might be independent of the genesis of the toxin, regardless of the extremely intimate relationship between toxigenicity and sporulating potency. It should be realized that a-toxigenicity is always accompanied by a loss of heat resistance. Acquisition of toxigenicity seems to be the main causative agent for the loss of heat resistance, but the existence of other minor causes should not be overlooked.
